Abstract NFjB is one of the central regulators of cell survival, immunity, inflammation, carcinogenesis and organogenesis. The activation of NFjB is strictly regulated by several posttranslational modifications including phosphorylation, neddylation and ubiquitination. Several types of ubiquitination play important roles in multi-step regulations of the NFjB pathway. Some of the tripartite motifcontaining (TRIM) proteins functioning as E3 ubiquitin ligases are known to regulate various biological processes such as inflammatory signaling pathways. One of the TRIM family proteins, TRIM39, for which the gene has single nucleotide polymorphisms, has been identified as one of the genetic factors in Behcet's disease. However, the role of TRIM39 in inflammatory signaling had not been fully elucidated. In this study, to elucidate the function of TRIM39 in inflammatory signaling, we performed yeast two-hybrid screening using TRIM39 as a bait and identified Cactin, which has been reported to inhibit NFjB-and TLR-mediated transcriptions. We show that TRIM39 stabilizes Cactin protein and that Cactin is upregulated after TNFa stimulation. TRIM39 knockdown also causes activation of the NFjB signal. These findings suggest that TRIM39 negatively regulates the NFjB signal in collaboration with Cactin induced by inflammatory stimulants such as TNFa.
Introduction
NFjB functions as an important regulator for cell survival, immunity, inflammation, carcinogenesis and organogenesis [1, 2] . Under a resting condition, NFjB is maintained in an inactive state within the cytoplasm by binding to IjB proteins, which mask the nuclear localization signal (NLS) of NFjB. Upon inflammatory stimulation, IjB kinases (IKK), including IKKa and IKKb, phosphorylate IjB proteins, leading to degradation of IjB proteins. NFjB is then free to enter the nucleus to activate transcription of a number of genes [2] .
In this NFjB signaling pathway, ubiquitination plays important roles in regulation of the activation of NFjB. Skp1-Cul1-F-box protein complex (SCF)-type ubiquitin ligase, SCF b-TrCP , interacts with and ubiquitinates IjB protein phosphorylated by IKK [3, 4] . Furthermore, the activation of IKK requires K63-linked polyubiquitin [2] . It has also been reported that linear ubiquitin chains are necessary for NFjB activation [5] . These findings indicate that activation of the NFjB signaling pathway greatly depends on several steps of ubiquitination.
Ubiquitination is an important posttranslational modification used by eukaryotic cells. This modification has a crucial role in multiple cellular functions including cellular signaling, the cell cycle, organelle biogenesis, morphogenesis, and DNA repair [6] . Conjugation of ubiquitin to Electronic supplementary material The online version of this article (doi:10.1007/s00018-015-2040-x) contains supplementary material, which is available to authorized users. the target protein is catalyzed by several components, including ubiquitin-activating enzyme (E1), ubiquitinconjugating enzyme (E2), and ubiquitin ligase (E3) [7] . The resulting covalent ubiquitin ligations form polyubiquitinated conjugates. E3 ubiquitin ligases are most directly responsible for recognition of the substrate in the ubiquitin conjugation system [8] . According to their structure, E3 ubiquitin ligases have been classified into three groups: HECT family [9] , RING family [10] and U-box family [11] .
Tripartite motif-containing (TRIM) proteins are defined as proteins that consist of a RING domain, one or two B-boxes, a coiled-coil motif, and carboxyl-terminal unique domains [12] . TRIM family proteins are involved in various biological processes, and their alterations, therefore, often lead to diverse clinical disorders, such as developmental disorders, neurodegenerative diseases, vulnerability to viral infection, and carcinogenesis [13, 14] . TRIM39 is one of the TRIM family proteins and has an E3 activity, leading to the degradation of some proteins [15] , while TRIM39 has been reported to stabilize some proteins [16] . The TRIM39 gene is located in the MHC region within chromosome 6p21-23, in which there are six other TRIM genes (TRIM10, TRIM15, TRIM26, TRIM27, TRIM31 and TRIM38) [17] and many genes that are related to immune response [18] . It has been reported that approximately half of the TRIM proteins are involved in inflammatory signaling pathways [19] and that TRIM39 is involved in the regulation of type I interferon response [20] . In addition, a single nucleotide polymorphism (SNP) on exon 9 of TRIM39 has been identified as one of the genetic factors in Behcet's disease by multiple logistic regression analysis [21] . These findings suggest that TRIM39 is related to inflammatory signaling pathways. However, the role of TRIM39 in inflammatory signaling has not been fully elucidated.
In this study, with the aim of elucidating the molecular function of TRIM39 in inflammatory signaling pathways, we identified Cactus interactor (Cactin) as one of the TRIM39-interacting proteins. We found that TRIM39 suppresses the NFjB signal through stabilization of Cactin and that Cactin provides a negative feedback loop of the NFjB signaling pathway, suggesting that TRIM39 and Cactin function as novel negative regulators for inflammatory signaling pathways.
Materials and methods

Cell culture
HEK293T and HeLa cells were cultured under an atmosphere of 5 % CO 2 at 37°C in Dulbecco's modified Eagle's medium (Sigma-Aldrich Corp., St Louis, MO) supplemented with 10 % fetal bovine serum (FBS) (Gibco BRL, Paisley, UK). THP-1 cells were cultured under an atmosphere of 5 % CO 2 at 37°C in RPMI 1640 medium (Sigma) supplemented with 10 % FBS. Sf9 cells were cultured at 27°C in Sf-900 medium (Life Technologies, Carlsbad, CA) supplemented with 5 % FBS.
Cloning of cDNAs and plasmid construction
Human TRIM39 and Cactin cDNAs were amplified from a human B cell cDNA library (Clontech, Palo Alto, CA) by polymerase chain reaction (PCR) with KOD FX (Toyobo, Osaka, Japan) using the following primers:
0 (HsCactinsense), and 5 0 -AAACTCGAGCCGTCACCGCCGATAGC GGTA-3 0 (HsCactin-antisense). Human TRAF2 cDNA was kindly provided by Dr. Miyuki Bohgaki (Hokkaido University). An expression vector encoding IKKb cDNA was described previously [3] . The amplified fragments were subcloned into pBluescript II SK ? (Stratagene, La Jolla, CA). Each deletion mutant of TRIM39 DR, DB, DC and DS, which was used as TRIM39 lacking a RING domain, B-box domain, coiled-coil domain, and SPRY domain, respectively, was amplified by PCR with pBSIISK-TRIM39 as a template and the following primers:
0 (TRIM39 DS-sense), and 5 0 -CA GATCAAGCTTATCGATACC-3 0 (TRIM39 DS-antisense). TRIM39 SNP was generated by PCR with KODFX, pBSIISK-TRIM39 and the following primer pair: 5 0 -GGG TCCAGGGTCACATCCGCA-3 0 (TRIM39 SNP-sense) and 5 0 -CGAGACAGCTCATCCTAACCTA-3 0 (TRIM39 SNP-antisense). TRIM39 siR, which was used as siRNAresistant form of TRIM39, was generated by PCR mutagenesis with KODFX, TRIM39-pBSIISK, and the following primer pairs: 5 0 -CGTAAATCTCCGCGGTG TGTCAGGGAGATCCCGGAG-3 0 (TRIM39 siR-sense) and 5 0 -TTTTATCCATGCGTCCTGGCTACTGAGGGTT-3 0 (TRIM39 siR-antisense). All of the sequences were confirmed by the dideoxy chain termination method with automated sequencing (Applied Biosystems, Foster City, CA). The resulting fragments containing TRIM39, TRIM39 DR, DB, DC, DS, SNP and siR, and Cactin cDNAs were then subcloned into the pCR vector (Invitrogen, Carlsbad, CA) for expression in mammalian cells, into the pBGK vector for a yeast two-hybrid system, and into the pFastBac vector for a baculovirus protein expression system.
Yeast two-hybrid screening
Complementary DNA encoding the full length and deletion mutants of human TRIM39 were fused in-frame to the nucleotide sequence for the LexA domain (BD) in the yeast two-hybrid vector pBGK. To screen for proteins that interact with TRIM39, the yeast strain L40 (Invitrogen) was transformed with a B cell Matchmaker cDNA library (Clontech) using the lithium acetate method. To analyze interactions between TRIM39 deletion mutants and Cactin, the yeast strain L40 was cotransformed with pBGK-TRIM39 deletion mutants and pACT-Cactin, and then the yeast cells containing both vectors were subjected to a bgalactosidase assay.
Transfection, immunoprecipitation and immunoblot analysis, and subcellular fractionation HEK293T cells were transfected by the calcium phosphate method and then cultured for 48 h. The cells were lysed in a solution containing 50 mM Tris-HCl (pH 7.4), 300 mM NaCl, 1 % Triton X-100, leupeptin (10 mg/ml), 1 mM phenylmethylsulfonyl fluoride, 400 lM Na 3 VO 4 , 400 lM EDTA, 10 mM NaF and 10 mM sodium pyrophosphate. The cell lysates were centrifuged at 15,000g for 15 min at 4°C, and the resulting supernatant was incubated with the indicated antibody for 2 h at 4°C. Protein A-Sepharose (Amersham Biosciences, Piscataway, NJ) that had been equilibrated with the same solution was added to the mixture and then rotated for 1 h at 4°C. The resin was washed five times with ice-cold lysis buffer and then boiled in an SDS sample buffer. In an immunoprecipitation assay with anti-FLAG antibody, proteins on the resin were eluted with a buffer containing FLAG peptides (F3290, Sigma), instead of boiling in an SDS sample buffer. Immunoblot analysis was performed with the indicated antibodies. Immune complexes were detected with horseradish peroxidase-conjugated antibodies to mouse (1:6666 dilution, GE Healthcare, Piscataway, NJ) or rabbit IgG (1:6666 dilution, Sigma) and an enhanced chemiluminescence system (GE Healthcare). The antibodies used in this study were as follows: mouse monoclonal anti-FLAG (M2, Sigma), mouse monoclonal anti-Myc (9E10, Roche Molecular Biochemicals, Mannheim), mouse monoclonal anti-GST (B-14, Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-TRIM39 (Sigma), rabbit polyclonal anti-C19orf29 (Cactin, Sigma), mouse monoclonal anti-GAPDH (6C5, Ambion, Austin, TX), mouse monoclonal anti-c-Myc (Covance, Princeton, NJ), mouse monoclonal anti-lamin A/C (612162, BD Pharmingen, San Jose, CA), mouse monoclonal anti-human IjBa (610690, BD), mouse monoclonal anti-human p-IjBa (5A5, Cell Signaling, Boston MA, USA), mouse monoclonal antiNFjB RelA/p65 (610868, BD), rabbit polyclonal antiIKKb (2684, Cell Signaling), rabbit polyclonal anti-phospho-p38 (9211, CST) and rabbit polyclonal anti-p38 (9212, CST).
In biochemical subcellular fractionation, cytosolic and nuclear extract fractions were separated using stepwise lysis according to the protocol of manufacturer (NE-PER, Pierce, Rockford, IL).
Generation of recombinant proteins
His 6 -FLAG-tagged TRIM39 and His 6 -GST-Cactin were expressed in Sf9 cells using a baculovirus protein expression system (Invitrogen). The recombinant His 6 -tagged proteins were purified using ProBond metal affinity beads (Invitrogen).
In vitro binding assay
Each of the purified recombinant proteins was mixed in a solution containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 % Triton X-100, leupeptin (10 mg/ml), 1 mM phenylmethylsulfonyl fluoride, 400 lM Na 3 VO 4 , 400 lM EDTA, 10 mM NaF, and 10 mM sodium pyrophosphate. The mixtures of purified recombinant proteins were incubated with anti-FLAG antibody for 2 h at 4°C. After addition of protein A-Sepharose, each of the mixtures was rotated for 1 h at 4°C. The resin was washed five times with ice-cold lysis buffer as mentioned above and then eluted with a buffer containing FLAG peptides. Immunoblot analysis was performed with anti-FLAG, anti-GST and anti-C19orf29 antibodies. Immune complexes were detected with horseradish peroxidaseconjugated antibodies and an enhanced chemiluminescence system.
RNA interference
siRNA (12 lM) was transfected into HEK293T cells or HeLa cells with Lipofectamine RNAiMAX (Invitrogen). The siRNAs used in this study were as follows: siTRIM39-
0 , Invitrogen), and a corresponding non-targeting siRNA (5 0 -UAAGGCUAUGAAG AGAUAC-3 0 , Thermo Scientific, Rockford, IL).
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Protein stability assay with cycloheximide HEK293T cells were transfected with expression vectors encoding FLAG-tagged TRIM39 WT, FLAG-tagged TRIM39 DR, or siRNA specific for human TRIM39 (siTRIM39) as mentioned above. As a control, pcDNA3 (Mock) or non-targeting siRNA (siControl) was used. Forty-eight hours after transfection, the cells were cultured in the presence of cycloheximide (50 lg/mL) for the indicated times. Cell lysates were subjected to immunoblot analysis with anti-Cactin, anti-TRIM39, anti-Myc and anti-GAPDH antibodies. The intensity of the endogenous Cactin bands was normalized to that of the corresponding GAPDH bands and is indicated as percentages of the normalized value at 0 h. Anti-Myc immunoblot analysis was performed to show that cycloheximide used in this assay is effective.
Real-time PCR
Total RNA was isolated from HEK293T or HeLa cells using ISOGEN (Nippon Gene, Tokyo, Japan), followed by reverse transcription (RT) using ReverTra Ace (Toyobo, Osaka, Japan). The resulting cDNA was subjected to realtime PCR with a StepOne machine and Power SYBR Green PCR master mix (Applied Biosystems, Foster City, CA). The average threshold cycle (Ct) was determined from independent experiments and the level of gene expression relative to GAPDH was determined. The primer sequences for human TRIM39, human Cactin, human IL-6, human IL-8, and human GAPDH were as follows: human TRIM39, 
Dual-luciferase assay
HEK293T cells or HeLa cells were inoculated into a 24-well dish plate at 2 9 10 4 cells per well and incubated at 37°C with 5 % CO 2 for 24 h. Expression vectors, reporter plasmids and the internal control plasmid coding Renilla luciferase were transfected into the cells using the Fugene HD reagent (Roche). Forty-eight hours after transfection, cells were incubated with TNFa (20 ng/ml) for 6 h or with PolyIC (1 lg/ml) for 24 h, harvested, and assayed by the Dual-Luciferase Reporter Assay System (Promega Corporation, Madison, WI). The luminescence was quantified with a luminometer (Promega). A reporter plasmid containing ISRE was kindly provided by Dr. Hirano (Osaka University) [22] . A reporter plasmid containing the NFjB-responsive sequence was described previously [23] .
Statistical analysis
Student's t test was used to determine the statistical significance of experimental data.
Results
TRIM39 directly binds to Cactin in vivo and in vitro
To clarify the function of TRIM39, we isolated TRIM39-interacting proteins from a human B cell cDNA library by yeast two-hybrid screens. Using TRIM39 as a bait, we obtained three positive clones from 2.3 9 10 5 transformants. One of the positive clones had sequence identities with cDNA encoding human Cactin (Fig. 1a) . To examine c Fig. 1 TRIM39 directly binds to Cactin. a Yeast two-hybrid screening to identify TRIM39-interacting proteins using a human B cell cDNA library. pBGK and pACT2 vectors (empty vectors) were used as negative controls. CHIP and EKN1 cDNAs were used for positive controls. b In vivo binding assay between TRIM39 and Cactin. Expression vectors encoding FLAG-tagged TRIM39 and Myc-tagged Cactin were transfected into HEK293T cells. Cell lysates (WCL) were immunoprecipitated with anti-Myc antibody and immunoblotted with anti-FLAG antibody and anti-Myc antibody. c In vitro binding assay between FLAG-tagged TRIM39 and GSTtagged Cactin. Each recombinant protein was generated by a baculovirus protein expression system and purified using Probond metal affinity beads. Recombinant FLAG-tagged TRIM39 and GSTtagged Cactin were mixed in combination as indicated. The reaction mixtures were immunoprecipitated with anti-FLAG antibody and immunoblotted with anti-FLAG antibody and anti-GST antibody. whether TRIM39 interacts with Cactin in mammalian cells, we performed an in vivo binding assay using cells transfected with expression vectors. We expressed FLAGtagged TRIM39 together with Myc-tagged Cactin in HEK293T cells. Cell lysates were subjected to immunoprecipitation with the anti-Myc antibody, and the resulting precipitates were subjected to immunoblot analysis with the anti-FLAG antibody and anti-Myc antibody. FLAGtagged TRIM39 was coprecipitated with Myc-tagged Cactin, indicating that TRIM39 specifically bound to Cactin in mammalian cells (Fig. 1b) .
We also performed an in vitro binding assay using recombinant TRIM39 and Cactin proteins. Recombinant His 6 -FLAG-tagged TRIM39 and His 6 -GST-tagged Cactin proteins were generated by the baculovirus protein expression system and purified using ProBond metal affinity beads. These recombinant proteins were mixed and then subjected to immunoprecipitation with the anti-FLAG antibody and to immunoblot analysis with the anti-FLAG and anti-GST antibodies. Immunoblot analysis showed that His 6 -GST-tagged Cactin was coprecipitated with His 6 -FLAG-tagged TRIM39, suggesting direct interaction between TRIM39 and Cactin (Fig. 1c) .
Furthermore, we confirmed the interaction between endogenous TRIM39 and endogenous Cactin using a human acute monocytic leukemia cell line, THP-1. Immunoblot analysis showed specific interaction between endogenous TRIM39 and endogenous Cactin (Fig. 1d) .
To determine which domain of TRIM39 is required for interaction with Cactin, we performed in vivo binding assays using deletion mutants of TRIM39 which are lacking the RING domain, B-Box domain, coiled-coil domain or SPRY domain (Fig. 1e) . We transfected expression vectors encoding a FLAG-tagged deletion mutant of TRIM39 together with Myc-tagged Cactin into HEK293T cells. Cell lysates were subjected to immunoprecipitation with the anti-FLAG antibody, and the resulting precipitates were subjected to immunoblot analysis with the anti-Cactin and anti-FLAG antibodies. Only TRIM39 DB was not coprecipitated with Myc-tagged Cactin (Fig. 1f) . Furthermore, we found the TRIM39 DB does not interact with endogenous Cactin (Fig. 1g) . To further confirm which domains of TRIM39 are required for the interaction with Cactin, we used a yeast two-hybrid system. Yeast strain L40 was cotransformed with several deletion mutants of TRIM39 and pACT-Cactin. b-galactosidase assays showed that only TRIM39 DB did not interact with Cactin in yeast cells, indicating that the B-box domain of TRIM39 was required for interaction with Cactin (Fig. 1h) .
A SNP in the TRIM39 gene has been identified as one of the genetic factors in Behcet's disease [21] . The SNP in the TRIM39 gene is a silent mutation: CCT to CCC. However, we cannot rule out the possibility that the SNP causes a change of TRIM39 expression at the transcriptional or translational level. We tested whether the SNP affects the expression level of TRIM39 or changes the affinity of TRIM39 with Cactin. We transfected equal amounts of expression vectors encoding FLAG-tagged wild-type TRIM39 (TRIM39 WT) or FLAG-tagged TRIM39 SNP into HEK293T cells and we compared the expression levels of TRIM39 WT and TRIM39 SNP at the protein level. Immunoblot analysis showed no difference at the protein expression level between FLAG-tagged TRIM39 WT and FLAG-tagged TRIM39 SNP (Suppl. Figure 1a) . We also examined whether the SNP of TRIM39 affects the interaction between TRIM39 and Cactin. Immunoblot analysis showed that TRIM39 SNP interacted with Cactin as TRIM39 WT did (Suppl. Figure 1b ).
TRIM39 interacts with Cactin in the nucleus
We examined the subcellular localization of TRIM39 in cells. We biochemically separated the lysate from HEK293T cells expressing FLAG-tagged TRIM39 into nuclear and cytosol fractions. Immunoblot analysis showed that FLAG-tagged TRIM39 was predominantly localized in the nucleus, whereas endogenous Cactin was located both in the nucleus and cytosol (Fig. 2a) .
To clarify the cell compartment in which TRIM39 interacts with Cactin, the lysate from HEK293T cells exogenously expressing Myc-tagged Cactin and/or FLAG-tagged TRIM39 was fractionated into nuclear and cytosol extracts and subjected to immunoprecipitation with the anti-FLAG antibody. Immunoblot analysis showed that Myc-tagged Cactin was coprecipitated with FLAG-tagged TRIM39 in the nuclear fractions, indicating that TRIM39 mainly interacts with Cactin in the nucleus (Fig. 2b) .
We also examined whether TNFa stimulation affects the localization of TRIM39 and Cactin and whether TNFa stimulation changes the interaction level between TRIM39 and Cactin. We transfected expression vectors encoding FLAG-tagged TRIM39 and Myc-tagged Cactin into HEK293T cells. Six hours after TNFa stimulation, the cytoplasmic and nuclear fractions were subjected to immunoprecipitation with the anti-FLAG antibody. Immunoblot analysis showed that TNFa stimulation did not affect localization of TRIM39 and Cactin or the interaction level between TRIM39 and Cactin (Fig. 2c) .
TRIM39 stabilizes Cactin
Based on our previous findings that some of the TRIM family proteins affect the stabilities of their binding proteins [13, 14, [24] [25] [26] , we speculated that TRIM39 affects the stability of Cactin. Although we assumed that TRIM39 promotes degradation of Cactin, protein stability analysis with cycloheximide revealed that overexpression of TRIM39 WT or that of DRING promoted the stabilization of Cactin protein (Fig. 3a, b) . Next, we knocked down endogenous TRIM39 in HEK293T cells and performed a protein stability assay. HEK293T cells in which endogenous TRIM39 had been knocked down were incubated with cycloheximide for 0-9 h. Protein stability analysis showed that knockdown of TRIM39 caused a decrease of endogenous Cactin, suggesting that TRIM39 upregulates the stability of Cactin protein (Fig. 3c, d) .
Since TRIM39 has a RING-finger domain, which is an enzymatic active domain for E3 ubiquitin ligases, we performed an in vivo ubiquitination assay to determine whether TRIM39 ubiquitinates Cactin. The in vivo ubiquitination assay showed that TRIM39 did not promote polyubiquitination of Myc-tagged Cactin, suggesting that TRIM39 stabilizes Cactin in an ubiquitination-independent manner (Fig. 3e) . Fig. 2 Interaction between TRIM39 and Cactin in the nucleus. a TRIM39 is mainly located in the nucleus. Expression vectors encoding FLAG-tagged TRIM39 were transfected into HEK293T cells. The cytoplasmic extract (cytosol) and nuclear extract (nucleus) were biochemically fractionated and analyzed by western blotting with the indicated antibodies. b TRIM39 interacts with Cactin mainly in the nucleus. Expression vectors encoding FLAG-tagged TRIM39 were transfected with Myc-tagged Cactin into HEK293T cells. The cytoplasmic extract (cytosol) and nuclear extract (nucleus) were biochemically fractionated and immunoprecipitated with anti-FLAG antibody. The resulting precipitates were subjected to immunoblot analysis with the indicated antibodies. c The interaction between TRIM39 and Cactin is independent of TNFa stimulation. Expression vectors encoding FLAG-tagged TRIM39 were transfected with Myctagged Cactin into HEK293T cells. Forty-eight hours after transfection, cells were cultured with TNFa (20 ng/ml) for another 6 h. Then, the cytoplasmic extract (cytosol) and nuclear extract (nucleus) were biochemically fractionated and immunoprecipitated with anti-FLAG antibody. The resulting precipitates were subjected to immunoblot analysis with the indicated antibodies TRIM39 negatively regulates the NFjB-mediated signaling pathway through stabilization of Cactin 1091 Fig. 3 TRIM39 stabilizes Cactin. a Pulse-chase analysis of Cactin with TRIM39. HEK293T cells were transfected with expression vectors for FLAG-tagged TRIM39 WT, FLAG-tagged TRIM39 DRING, or an empty vector (Mock). Forty-eight hours after transfection, the cells were cultured in the presence of cycloheximide (50 lg/ mL) for the indicated times. Cell lysates were then subjected to immunoblot analysis with anti-Cactin, anti-FLAG, anti-Myc and anti-GAPDH antibodies. b Intensity of the endogenous Cactin bands in the protein stability analysis in a was normalized to that of the corresponding GAPDH bands and is indicated as a ratio of the normalized value at 0 h. Data are mean ± standard deviation (SD) of values from three independent experiments. P values for the indicated comparisons were determined by Student's t test. c Protein stability assay of Cactin in HEK293T cells in which TRIM39 had been knocked down. HEK293T cells were transfected with siRNA specific for human TRIM39 or with non-targeting siRNA (siRNA negative control). Fortyeight hours after transfection, the cells were cultured in the presence of cycloheximide (50 lg/mL) for the indicated times. Cell lysates were subjected to immunoblot analysis with anti-Cactin, anti-TRIM39 and anti-GAPDH antibodies. d Intensity of the endogenous Cactin bands in the protein stability assay in c was normalized to that of the corresponding GAPDH bands and is indicated as a ratio of the normalized value at 0 h. Data are mean ± standard deviation (SD) of values from three independent experiments. P values for the indicated comparisons were determined by Student's t test. e An in vivo ubiquitination assay for Cactin by TRIM39. Expression vectors for Myc-tagged Cactin, FLAG-tagged TRIM39, and HA-tagged ubiquitin were transfected into HEK293T cells. Cell lysates were immunoprecipitated with anti-Myc antibody and then anti-HA immunoblot analysis was performed to detect the ubiquitination of Cactin
Cactin provides a negative feedback loop in the NFjB pathway
To confirm that Cactin negatively regulates NFjB-mediated transcription [27] , we performed a luciferase reporter assay using an NFjB promoter-driven luciferase construct. We transfected expression vectors encoding Myc-tagged Cactin with reporter plasmids into HEK293T cells. After stimulation with TNFa, luciferase activity was measured. We found that Cactin significantly suppressed NFjB-mediated transcriptional activity not only with TNFa stimulation but also without TNFa stimulation (Fig. 4a-c) . To elucidate the level at which Cactin negatively acts in the NFjB signaling pathway, we examined whether Cactin overexpression affects IKKb and IjBa under the condition of no stimulation. Immunoblot analysis revealed that Cactin overexpression did not affect the regulators of the NFjB signaling pathway in an inactive state (Fig. 4d) . We next examined whether Cactin overexpression affects IKKb, IjBa and phosphorylated IjBa after TNFa stimulation. After TNFa stimulation, cell lysates were subjected to immunoblot analysis at the indicated times. Cactin overexpression did not affect cytosolic regulators in the NFjB signaling pathway in an active state as well as an inactive state (Fig. 4e) .
Furthermore, we examined whether Cactin overexpression affects the translocation of NFjB into the nucleus after TNFa stimulation. After TNFa stimulation, cell Fig. 4 Cactin negatively regulates the NFjB signal. a Cactin suppresses NFjB activity even in an inactive state without TNFa stimulation. HEK293T cells were transfected with an NFjB luciferase reporter plasmid and an expression plasmid encoding Myc-tagged Cactin. Thirty hours after transfection, cells were assayed by the Dual-Luciferase Reporter Assay System. Luciferase activity was normalized to the Renilla luciferase reporter construct and expressed relative to the normalized activity of control cells without Myc-tagged Cactin. Data are mean ± standard deviation (SD) of values from three independent experiments. P values for the indicated comparisons were determined by Student's t test. b Cactin suppresses TNFa-induced NFjB activity. HEK293T cells were transfected with an NFjB luciferase reporter plasmid and an expression plasmid encoding Myc-tagged Cactin. Twenty-four hours after transfection, cells were cultured with TNFa (20 ng/ml) for another 6 h and assayed by the Dual-Luciferase Reporter Assay System. Luciferase activity was normalized to the Renilla luciferase reporter construct and expressed relative to the normalized activity of control cells without TNFa stimulation. Data are mean ± standard deviation (SD) of values from three independent experiments. P values for the indicated comparisons were determined by Student's t test. c Time-course analysis of TNFa-induced NFjB activity suppressed by Cactin. Luciferase activity was measured at the indicated times after TNFa stimulation. d Cactin did not affect cytoplasmic regulators in the NFjB signaling pathway in an inactive state. HEK293T cells were transfected with an expression plasmid encoding Myc-tagged Cactin. Thirty hours after transfection, cell lysates were subjected to immunoblot analysis with the indicated antibodies. e Cactin did not affect cytoplasmic regulators in the NFjB signaling pathway in an active state. HEK293T cells were transfected with an expression plasmid encoding Myc-tagged Cactin. Thirty hours after transfection, cells were cultured with TNFa (20 ng/ml) for the indicated times. Then, cell lysates were subjected to immunoblot analysis with the indicated antibodies TRIM39 negatively regulates the NFjB-mediated signaling pathway through stabilization of Cactinlysates were fractionated into cytoplasmic and nuclear extracts at the indicated times. Immunoblot analysis revealed that Cactin overexpression did not affect the translocation of NFjB (RelA/p65) into the nucleus (Fig. 5a ). We next examined whether TRIM39 overexpression affects the nuclear translocation of NFjB. TRIM39 overexpression did not change the level of nuclear translocation of RelA/p65 (Fig. 5b) . We also investigated whether the combination of TRIM39 WT and Cactin overexpression or the combination of TRIM39 DB and Cactin overexpression affects the nuclear translocation of NFjB. Neither of the combinations of overexpression changed the level of nuclear translocation of RelA/p65 (Suppl. Figure 2) . These findings suggest that TRIM39 and Cactin affect NFjB-mediated transcriptional activity after the translocation of RelA/p65 into the nucleus.
Given that Drosophila Cactin interacts with Cactus, which is known as an insect ortholog of mammalian IjBa [28] , and that IjBa is an important negative regulator for NFjB [29] , we hypothesized that Cactin may be one of the downstream genes of NFjB and may be induced by activation of NFjB. To examine whether Cactin is induced by activation of NFjB, we investigated the mRNA expression levels of Cactin after TNFa stimulation. Six hours after stimulation with TNFa, we performed quantitative PCR analysis. The mRNA level of Cactin was significantly increased by TNFa treatment (Fig. 6a, b) , whereas the mRNA level of TRIM39 was not changed (Fig. 6b) . Consistent with these results, immunoblot analysis showed that the protein level of Cactin was also increased by TNFa treatment (Fig. 6c, d) .
Expression levels of IjBa and A20, known as components of negative feedback loops in the NFjB pathway, recover after TNFa stimulation. To clarify the change in expression of Cactin after TNFa stimulation, we performed time-course experiments using quantitative PCR. Quantitative PCR analysis showed that the mRNA level of Cactin significantly increased with a peak at 8 h after TNFa stimulation, whereas the mRNA level of TRIM39 did not change after TNFa stimulation (Fig. 6b) . These findings suggested that Cactin provides a negative feedback loop in the NFjB pathway. 
TRIM39 negatively regulates NFjB signaling
We previously reported that some members of the TRIM family of ubiquitin ligases regulate activities of several transcriptional factors. For example, we revealed that TRIM40, which is one of the TRIM family of ubiquitin ligases, enhances neddylation of IKKc and inhibits the activity of NFjB-mediated transcription [25] . Moreover, we found that TRIM59 interacts with a signal adaptor protein, evolutionarily conserved signaling intermediate in Toll pathways (ECSIT), and negatively regulates NFjB and IRF3/7 signal pathways [24] . It has also been reported that Cactin inhibits NFjB and interferon-regulatory factor signaling pathways [27] . Based on these previous reports and our finding that TRIM39 stabilized Cactin, we hypothesized that TRIM39 acts as a regulator of transcription including the NFjB and Toll-like receptor (TLR) signaling pathways. To examine whether TRIM39
regulates NFjB-mediated transcriptional activity, we performed a luciferase reporter assay using an NFjB response element firefly luciferase reporter construct. We transfected expression vectors encoding FLAG-tagged TRIM39 with the reporter plasmids into HEK293T cells. Six hours after stimulation with TNFa, luciferase activity was measured. We found that TRIM39 overexpression significantly suppressed NFjB-mediated transcriptional activity (Fig. 7a) .
To further examine whether TRIM39 regulates the NFjB and TLR signaling pathways, we performed luciferase reporter assays using HeLa cells in which TRIM39 had been knocked down (Fig. 7b) . Six or twelve hours after stimulation with TNFa or PolyIC, respectively, luciferase activities were measured. The luciferase assays showed that knockdown of TRIM39 significantly promoted NFjBmediated transcriptional activity induced by TNFa or PolyIC (Fig. 7c, e) . The luciferase assays also showed that TRIM39 knockdown promoted NFjB-mediated Cactin and TRIM39 mRNA expression is indicated as a ratio to that at 0 h. Data are mean ± standard deviation (SD) of values from three independent experiments. P values for indicated comparisons were determined by Student's t test. c HEK293T cells were cultured with or without TNFa (20 ng/ml) for 6 h. Cell lysates were then subjected to immunoblot analysis with anti-Cactin and anti-GAPDH antibodies. d Intensity of the endogenous Cactin bands was normalized by that of GAPDH bands and expressed as a ratio of the normalized value to that of the untreated cells TRIM39 negatively regulates the NFjB-mediated signaling pathway through stabilization of Cactintranscriptional activity induced after stimulation by TRAF2 or IKKb overexpression (Suppl. Figure 3) . To further confirm that TRIM39 regulates the NFjB signaling pathways, we added the siRNA-resistant TRIM39 (TRIM39 siR) back to TRIM39-knockdown cells. Six hours after stimulation with TNFa, luciferase activities were measured. We found that TRIM39 inhibited the NFjBmediated transcriptional activity upregulated by TRIM39 knockdown with TNFa stimulation (Fig. 7d ; Suppl. Figure 4) . We also found that knockdown of TRIM39 promoted PolyIC-induced ISRE activity in HeLa cells (Fig. 7f) . Next, to examine whether TRIM39 affects the expression levels of target genes of NFjB, we measured the mRNA expression levels of IL-6 and IL-8 after TNFa stimulation. Six hours after stimulation with TNFa, we performed quantitative PCR analysis. The mRNA expression levels of IL-6 and IL-8 were significantly increased in TRIM39 knockdown HEK293T cells (Fig. 7g, h ).
It has been reported that many NFjB target genes are regulated by mitogen-activated protein kinases (MAPKs) and that MAPKs are involved in TLR-induced NFjB target gene activation [30] . Therefore, we investigated whether TRIM39 affects MAPK activation. First, we examined whether MAPKs were activated by TNFa in HEK293T cells used in this study. HEK293T cells were incubated with TNFa (20 ng/ml) for the indicated times. Immunoblot analysis showed that phosphorylation of p38 (one of the MAPKs) in HEK293T cells was not affected by TNFa stimulation, whereas p38 was activated by FBS stimulation (Suppl. Figure 5a) . The findings suggest that downregulation of IL-6 and IL-8 by TRIM39 knockdown was independent of p38, however, it remains to be seen if both the MEK/ERK and JNK pathways are involved. Next, we examined whether TRIM39 or Cactin affects MAPK activation by TNFa stimulation. HEK293T cells were transfected with expression vectors for FLAG-tagged TRIM39 WT, Myc-tagged Cactin, and an empty vector b Fig. 7 TRIM39 negatively regulates NFjB and TLR signaling.
a TRIM39 overexpression suppresses TNFa-induced NFjB activity. HEK293T cells were transfected with an expression plasmid encoding FLAG-tagged TRIM39 and NFjB reporter plasmids. Forty-eight hours after transfection, cells were incubated with TNFa (20 ng/ml) for 6 h, harvested, and assayed by the Dual-Luciferase Reporter Assay System. Luciferase activity is expressed as a ratio to the normalized activity of cells that had been transfected without FLAGtagged TRIM39 and incubated without TNFa. Data are mean ± standard deviation (SD) of values from three independent experiments. (Fig. 7i) . We next performed a luciferase assay for NFjB activity in the presence of siTRIM39 and/or siCactin, and we found that TRIM39 and Cactin synergistically inhibited NFjB-mediated transcriptional activity ( Fig. 7j ; Suppl. Figure 6 ). These results may indicate that Cactin knockdown enhanced the NFjB-mediated transcriptional activation by destabilization of Cactin caused by TRIM39 knockdown. Taken together, the findings suggest that TRIM39 negatively regulates the NFjB signaling pathway through stabilization of Cactin.
Discussion
In this study, we identified Cactin as a TRIM39-interacting protein and found that knockdown of TRIM39 led to destabilization of Cactin. We also found that knockdown of TRIM39 enhanced transcriptional activities in NFjB-responsive element and ISRE promoters and that it increased the mRNA expression levels of IL-6 and IL-8, which are known to be target genes of NFjB. These findings suggest that TRIM39 serves as a negative regulator for inflammatory signaling pathways (Fig. 8) .
Cactin was identified as a novel protein interacting with Cactus, the Drosophila ortholog of IjBa, which is important for negative regulation of the NFjB signaling pathway [28] . It has been reported that Cactin is involved in the regulation of several developmental signaling pathways in Drosophila melanogaster, Danio rerio and Caenorhabditis elegans [28, [31] [32] [33] . Human Cactin has been reported to interact with IjBL, which is one of negative regulators of the NFjB signaling pathway [27] . The human IjBL gene is localized in the MHC class III region of chromosome 6, in which the TRIM39 gene is also localized [27] . Cactin is also known to bind to proteins such as LST1 and NELF-E that are encoded by genes in the MHC class III region [34] . Furthermore, TRIM39, Cactin, and IjBL are localized in the nucleus [16, 27] . These findings suggest that TRIM39 and Cactin form a larger complex in the nucleus with other proteins encoded by genes in the MHC class III region.
We also showed that TRIM39 stabilizes Cactin in a manner independent of ubiquitin ligase activity. The most important function of ubiquitination is degradation of target proteins by 26S proteasomes via the recognition of lysine 48-linked polyubiquitination. However, recently, several functions of ubiquitination other than protein degradation have also been reported. For example, K63-linked polyubiquitination leads to activation of the NFjB signaling pathway [35] . Furthermore, it has been reported that a linear type of polyubiquitin chain, in which the carboxyl-terminal glycine of one ubiquitin is conjugated to the amino-terminal methionine of another ubiquitin, is important for positive regulation of the NFjB signaling pathway [5] . It has been reported that TRIM39 stabilizes MOAP1 protein [16] . TRIM39 inhibits the polyubiquitination process of MOAP-1 by preventing other E3 ligases from ubiquitination of MOAP-1. TRIM27, one of the TRIM family members also known as RET Finger Protein (RFP), stabilizes EID-1, a negative regulator of Retinoblastoma protein [36] . These findings are similar to our results showing that TRIM39 stabilizes Cactin. Further functional analysis of TRIM39 is needed to clarify how TRIM39 stabilizes Cactin.
Active NFjB induces the expression of various target genes, including IjBa, A20 and MyD88s, which are known as negative regulators of the NFjB signaling pathway. For example, newly synthesized IjBa binds to nuclear NFjB complexes in the nucleus and shuttles NFjB back into the cytosol [29] . A20, one of the ubiquitin-editing enzymes, disassembles the NFjB-activating complexes by deubiquitinating TRAF6 and RIP1 [37, 38] . MyD88s, a short MyD88 isoform generated via alternative splicing, acts as a dominant-negative signaling factor and interferes with Myd88-IRAK4 interaction [39] . Taken together, the results indicate that IjBa, A20, and Myd88s provide negative feedback loops in the NFjB pathway to shut down inflammatory responses. It has been reported that Cactin is one of the negative regulators of the NFjB signaling pathway [27] . Our study revealed that expression of Cactin mRNA and protein was induced after TNFa treatment, suggesting that Cactin also provides a negative feedback loop in the NFjB pathway. However, we could not find a jB motif in the Cactin gene. Therefore, Cactin expression may be controlled by unknown transcriptional regulators to form a negative feedback loop.
In this study, a luciferase assay showed that Cactin overexpression negatively regulates NFjB-mediated transcriptional activity. Immunoblot analysis showed that Cactin does not affect cytosolic regulators in the NFjB pathway or affect the nuclear translocation of NFjB. These findings suggest that Cactin negatively regulates NFjBmediated transcriptional activity in the nucleus. TRIM39 is mainly localized in the nucleus and interacts with Cactin in the nucleus. It has been reported that translocation to the nucleus is required for Cactin to regulate NFjB-mediated transcription [27] . Taken together, these findings suggest that TRIM39 and Cactin negatively regulate the transcriptional activity of RelA/p65 which is translocated into the nucleus after stimulation.
According to a previous report, the SNP on exon 9 of TRIM39 is involved in Behcet's disease [21] . The SNP is a synonymous mutation, which means it does not result in a change in the amino acid sequence of TRIM39 protein. However, some synonymous mutations have been reported to alter the function of the gene [40] . We showed that there is no difference between TRIM39 WT and TRIM39 SNP with regard to their expression levels and the levels of interaction with Cactin. However, since we compared exogenous expressions of TRIM39 WT and TRIM39 SNP, the results cannot rule out the possibility that the SNP affects the expression level of endogenous TRIM39.
Furthermore, the polymorphism of the IjBL gene locus, which is known to interact with Cactin, is associated with several inflammatory diseases including rheumatoid arthritis, Takayasu's arteritis, ulcerative colitis, systemic lupus erythematosus, Sjögren's syndrome, type 1 diabetes, and multiple sclerosis [41] [42] [43] [44] [45] [46] . These findings imply that dysfunction of TRIM39, Cactin, and IjBL may be involved in the etiology of inflammatory diseases. Further study on these proteins will lead not only to the elucidation of their molecular function but also to therapeutic benefits for these inflammatory diseases. 
